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ORIGINAL ARTICLE
Fracture resistance of simulated immature teeth treated with a regenerative
endodontic protocol
Mohamed Raouf W. Alia, Manal Mustafab, Asgeir Bårdsena and Athanasia Bletsaa,b
aDepartment of Clinical Dentistry Faculty of Medicine, University of Bergen, Bergen, Norway; bOral Health Centre of Expertise in
Western Norway, Bergen, Norway
ABSTRACT
This study aims to evaluate fracture resistance of simulated immature teeth after treatment with
regenerative endodontic procedure (REP) using tricalcium silicate cements (TSCs) as cervical
plugs. Bovine incisors were sectioned to standard crown/root ratio. Pulp tissue was removed
and canals were enlarged to a standardized diameter. Teeth were then treated with a REP
protocol consisting of NaOCl and EDTA irrigation, intracanal medication with triple-antibiotic
paste for 14 days followed by a TSC cervical seal and composite restoration. Teeth were divided
into groups according to the material used; Mineral-Trioxide-Aggregate (MTA), Biodentine,
TotalFill. Teeth filled with guttapercha (GP) and intact teeth served as controls. All teeth sub-
jected to an increasing compressive force (rate of 0.05mm/s at a 45 angle to the long axis of
the tooth) until fracture. All treated teeth exhibited significantly lower resistance to fracture
compared to the intact teeth but no difference was found between the TSC groups (Kruskal-
Wallis, Dunn’s multiple comparison, p< .05). TSCs applied at the cervical area of simulated
immature teeth treated with REP did not reinforce fracture resistance.
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Endodontic treatment of non-vital immature perman-
ent teeth presents quite a challenge in dental clinics
due to wide open apices and thin dentinal walls. A
relatively high incidence of cervical root fracture
(>60%) has been reported in such teeth teeth after a
long-term intra-canal treatment with calcium hydrox-
ide (CH) in order to achieve a hard-tissue barrier at
the apical area (apexification) [1,2]. These fractures
may occur with minor impacts or spontaneously over
time [1,3]. In the latest years, tricalcium silicate
cements (TSC) have been widely used as endodontic
repair materials and dentin substitutes [4]. The use of
TSC materials to achieve a root-end closure at the
apical area of necrotic immature teeth (direct apexifi-
cation) has replaced the traditional treatment with
CH. However, with this method the dentinal walls
remain thin, and the risk of fracture is still pre-
sent [5,6].
Regenerative endodontic procedures (REP) have
been advocated as an alternative treatment modality
to apexification for immature permanent teeth with
necrotic pulp [7]. Regenerative endodontics have been
defined as ‘‘biologically based procedures designed to
replace damaged structures, including dentin and root
structures, as well as cells of the pulp-dentin com-
plex’’ [8] with the optimal goal to regenerate func-
tional pulpal tissue and subsequently further root
development. Although there is no consensus regard-
ing the clinical regenerative protocols [9,10] the com-
mon step in all suggested ones is cervical sealing with
a TSC barrier. This biocompatible cervical plug pro-
vides a bacterial-tight seal and acts as pulp space bar-
rier [11,12].
The fact that non-vital immature teeth, due to fra-
gile root, are more prone to fracture represents a sub-
stantial clinical problem. The risk of fracture of
endodontically treated immature teeth relates to the
degree of root development, with lower degree of
development associated with higher fracture risk [1].
REPs aim at inducing further root development and
eventually strengthening the tooth. However, even
with REPs, the cervical area does not develop further.
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Furthermore, placement of TSCs at this exact area
may mechanically affect the susceptibility of treated
immature teeth to fracture. Little is known about the
immediate effect of TSCs on the fracture resistance of
immature teeth treated with REPs. The aim of this in
vitro study was to investigate the fracture resistance of
simulated immature teeth treated with REP and sealed
at the cervical area with three different TSC materials;
White MTA ANGELUSVR (MTA), BiodentineTM
Septodont (Biodentine), and TotalFillVR BC RRMTM
Putty (TotalFill).
The null hypotheses tested:
H0, there is no difference in fracture resistance
between intact immature bovine teeth and immature




Bovine mandibular incisor teeth were extracted,
cleaned and stored in 1% Benzalkonium Chloride
[13]. Teeth were examined thoroughly and teeth with
visible cracks/fractures were discarded. Intact teeth
were then prepared according to a standard protocol
in order to simulate immature teeth. Briefly, they
were sectioned with a water cooled low speed dia-
mond bur, coronally 10mm above the cemento-
enamel junction (CEJ) and apically 15mm below the
CEJ. The root canal was thereafter instrumented and
widened with a size 6 peeso reamer so that an ISO
size #120 file could pass completely unhindered
throughout the canal. In that way, the internal canal
diameter and the remaining dentin thickness were
standardized close to 2mm [5,6,14–16] (Figure 1).
Controls (intact teeth) were sectioned according to
the standardized crown/root ratio but the canal was
not prepared (Figure 1).
Dentine thickness and canal diameter at the cer-
vical area of all teeth was measured with buccolingual
and mesiodistal radiographs using the DIGORA
Optime UV system (Unident, Falkenberg, Sweden)
and the measurements were averaged.
Tricalcium silicate cement materials
The TSC shown in Table 1 were mixed according to
the manufacturer’s instructions and used in the regen-
erative endodontic procedure and throughout
this study.
Regenerative endodontic procedure
Simulated immature teeth were by a random proced-
ure allocated into the 4 groups; MTA (n¼ 11) (group
1), Biodentine (n¼ 10) (group 2), TotalFill (n¼ 10)
(group 3), Gutta Percha (GP) (n¼ 10) (group 4). In
addition, untreated teeth served as controls (intact
teeth, n¼ 10) (group 5) (Figure 1). Intact teeth were
stored in a wet flower arrangement foam in a 37 C
and 100% humidity incubator until testing. All teeth
in groups 1–4 were treated with the protocol followed
at the dental clinics of the University of Bergen: irri-
gation with 10ml Dakin’s solution (0.5% buffered
sodium hypochlorite) followed by 5ml of 17% ethyl-
enediamine tetraacetic acid (EDTA) and 5ml sterile
water. The canals were then dried with paper points
and filled with a triple antibiotic paste consisted of
equal volumes of 500mg Metronidazole, 500mg
Ciprofloxacin and 500mg Amoxicillin mixed with
sterile water in a slurry paste placed with a lentulo
spiral. The access cavities were then sealed with
CavitVR temporary filling material and the roots
inserted into a wet flower-arrangement foam. The
teeth were stored in incubator (37 C and 100%
humidity) for 10 days [6]. The CavitVR was then
removed and the triple antibiotic paste was washed
out with the same irrigation protocol as above. Teeth
in groups 1–3 were sealed with a cervical plug of
TSC. Teeth in group 4 were obturated with gutta-per-
cha using lateral condensation technique and sealer
(AH PlusVR DENTSPLY, Germany) and avoiding over-
filling by applying finger pressure at the apex. Those
teeth served as negative controls (Figure 1).
Figure 1. Flow-chart showing teeth preparation. Bovine inci-
sors were first sectioned to standard a certain crown/root ratio
(a). Canals were thereafter prepared to simulate immature
teeth (b). These teeth were divided to groups (1–4) according
to the filling material used (1: MTA, 2: Biodentine, 3: TotalFill,
4: Gutta-percha). Some sectioned teeth, remained unprepared
and served as controls (group 5).
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Buccolingual and mesiodistal radiographs were taken
to measure the material plug length (measurements
were averaged as stated previously) and to confirm
the uniformity of the gutta-percha obturation using
the DIGORA Optime UV system. A wet cotton pellet
and CavitVR temporary filling material was placed at
the access cavity and the teeth were stored overnight
in the incubator to allow the TSC to set. After com-
plete setting of the TSC material, a composite filling
(3M ESPE FiltekTM Supreme XTE) was placed as the
coronal seal using a 4th generation bonding system
involving the use of 38% phosphoric acid (TOP
DENT etch gel 2.5ml, DAB DENTAL, Sweden) fol-
lowed by a primer application (OptibondTM FL) and
Adhesive (OptibondTM FL). Group 4 teeth were filled
with composite immediately after filling with GP
and stored in a wet flower arrangement foam in the
incubator (37 C and 100% humidity) until testing
(Figure 1). Buccolingual radiographs were again
taken to confirm the integrity of the composite fillings
using the DIGORA Optime UV (Unident,
Falkenberg, Sweden).
Fracture resistance testing
All teeth were dipped into molten wax leaving a
0.2–0.3mm thick layer of wax covering the root
(2mm below the CEJ to the root apex) [14].
Thereafter, the roots were embedded in acrylic resin
cylinders (Heraeus, MELIODENTVR Rapid Repair,
Denture acrylic self-curing, Kulzer, Germany) that
were prepared using polyvinyl chloride cylinder molds
measuring 20mm in diameter and 17mm high [15].
As soon as polymerization of the acrylic resin started,
the teeth were removed from the resin, and the wax
was cleaned from the root surfaces using a curette.
The cleaned root surfaces were then coated with a
thin layer of polyvinylsiloxane impression material
(AffinisVR , Coltene/Whaledent AG, Altstatten,
Switzerland) to simulate the periodontal ligament
(PDL) [5,14,17–19] and then re-embedded into the
acrylic resin block. The acrylic block with the pre-
pared teeth was mounted onto an MTSVR Hydraulic
test System and subjected to an increasing
compressive force at a test rate of 0.05mm/s while
being positioned at 45 angle to the long axis of the
tooth until fracture occurred [5,6,14–16,20]. Peak load
at fracture was recorded in Newton (N).
Statistical analysis
For statistical analysis GraphPad Prism5 (GraphPad
Software, La Jolla, CA, USA) was used. D’Agostino-
Pearson omnibus normality test validated the distri-
bution of the data. For normally distributed data one-
way analysis of variance (ANOVA) with Bonferroni’s
post hoc test was used. When normality test was not
passed, Kruskal-Wallis with Dunn’s post hoc test was
used for the comparison between the groups or
Mann-Whitney test for comparison between two
groups (e.g. prepared vs intact teeth). All tests
were performed at a level of significance a¼ 0.05.
Results are presented as mean ± SEM, (p< .05;
p< .01; p< .001).
Results
Simulated immature teeth
In the interest of experimental standardization, there
were no differences between the simulated immature
teeth (groups 1–4) in terms of crown/root ratio,
intra-canal diameter at CEJ and dentin thickness
(Table 2). Moreover, there were no differences
between the TSC groups (1–3) in terms of the TSC
cervical plug length (MTA: 3.9 ± 0.193mm;
Biodentine: 4.015 ± 0.1228mm and TotalFill:
3.481 ± 0.125mm) (Table 2). All prepared teeth
(groups 1–4) had a significantly higher canal diameter
and lower dentin thickness measured at the CEJ com-
pared to the intact teeth (group 5) (Figure 2 and
Table 2, p< .05).
Fracture testing
All teeth were looked under 1 magnification for
fracture patterns. The diagonal fracture line extends
from the buccal aspect of the crown to the lingual
aspect of the teeth and exposes the root canal of all
Table 1. Summary of the Tricalcium Silicate Cements (TSC) cements used in the study.
White MTA-AngelusVR (Angelus, Londrina, PR, Brazil)
BiodentineTM (Septodont, Saint-Maurdes
Fosses, France)
TotalFillVR BC RRMTM PUTTY (FKG Dentaire, La-
Chaux-de-Fonds, Switzerland)
Powder: Tricalcium silicate, dicalcium silicate, trical-
cium aluminate, calcium oxide, iron tetracalcium
aluminate, bismuth oxide;
Liquid: distilled water
Mixing ratio: 1 scoop of powder to 1 drop of liquid
Powder: Tricalcium and dicalcium silicate,
calcium carbonate and zirconium oxide;
Liquid: water, calcium chloride and modified
polycarboxylate.
Mixing ratio: 5 drops of liquid into
powder capsule
Ready-made paste: Calcium silicates, zirconium
oxide, tantalum pentoxide, calcium phosphate
monobasic and filler agents
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tested teeth. The fracture line of the simulated imma-
ture teeth (groups 1–4) crosses the interface between
the material plug or gutta-percha and composite fill-
ing (cervical area) whereas the fracture line of the
intact teeth (group 5) is mainly located within the
crown (Figure 3).
The result of fracture testing showed that intact
teeth (Group 5) had a significantly higher peak load
to fracture (1669 ± 60.77N) in comparison to all other
test groups (Figure 4). TotalFill had a higher peak
load to fracture (804.5 ± 147.8 N) in comparison to
MTA (724.2 ± 128.2 N) and Biodentine (779.4 ± 104.7
N) whereas the GP control group 4 exhibited the low-
est peak load to fracture among all simulated imma-
ture teeth (675.8 ± 86.84 N). However, there were no
statistical significant differences among the simulated
immature teeth (groups 1–4) (Figure 4).
Discussion
The experiment model in this study emphasizes the
immediate effect of the TSCs on treated immature teeth
with REPs. We implemented a continuously increasing
load of force model to measure fracture resistance.
Traumatic dental injuries involve mostly anterior teeth
[2]. The absence of high occlusal forces at the incisors
may imply that the type of force that leads to dental
trauma in such cases is a single impact that overwhelms
the structural integrity of the tooth at that moment.
Untreated immature bovine teeth had a higher fracture
resistance than immature bovine teeth treated with
TSCs therefore, the null hypothesis was rejected. Under
the experimental set-up, the treated immature teeth
fractured at the cervical area and thus, REP and cervical
seal with bioceramic materials does not seem to
reinforce fracture resistance of bovine teeth.
Bovine teeth were used and prepared to simulate
immature teeth. Use of human teeth for the same
purpose would have would have allowed for testing
the hypothesis in a more clinically relevant substrate.
However, difficulty to obtain sufficient quantity and
with adequate quality, as well as ethical issues led to
use of bovine teeth. All teeth used were extracted
from animals of approximately same age shortly after
slaughtering and stored under the same conditions
until preparation. Thus, minimizing variations in
morphology and composition. Previous studies com-
paring human and bovine teeth showed similar dentin
tensile strength and modulus of elasticity [21], frac-
ture strength of composites [22], as well as dentin
Knoop hardness [23], properties relevant to the cur-
rent experimental model. Although human teeth are
Table 2. Dimensions (mean ± SEM) of the bovine teeth used in the study.
Group (n ¼ number of teeth) Crown/Root ratio Intra-canal Diameter at CEJ (mm) Dentine Thickness at CEJ (mm) Cervical Plug Length (mm)
1: MTA (n¼ 11) 0.569 ± 0.021 2.030 ± 0.133 1.843 ± 0.046 3.900 ± 0.193
2: Biodentine (n¼ 10) 0.557 ± 0.022 2.269 ± 0.174 1.881 ± 0.053 4.015 ± 0.228
3:TotalFill (n¼ 10) 0.578 ± 0.018 2.155 ± 0.075 1.888 ± 0.067 3.481 ± 0.125
4: Guttapercha (n¼ 10) 0.556 ± 0.015 2.171 ± 0.176 1.816 ± 0.059 N/A
5: Intact teeth (n¼ 10) 0.591 ± 0.008 1.780 ± 0.13 2.704 ± 0.098, N/A
p< .01 compared to group 1, 2 and 3.p< .001 compared to group 4; Kruskal-Wallis test with Dunn’s multiple comparison.
Figure 2. The simulated immature teeth (groups 1–4, n¼ 41) had a statistically significant larger canal diameter (2,153± 0,07mm)
and lower dentin thickness measured at the CEJ (1,857 ± 0,027mm) compared to the intact teeth (1,780 ± 0,13mm and
2,704± 0,098mm, respectively) (group 5, n¼ 10); Results are presented as mean± SEM, Mann-Whitney test,p< 0.05; p< 0.001.
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generally preferred for in vitro dental research, bovine
teeth were a valid substitute in this study.
We opted to simulate immature roots with a
certain root length (15mm) consistent with stage 3
development [1,24–26]. This length was chosen as
shorter roots, typical of earlier root development
stages, were easily dislodged from the acrylic mold
during loading. Furthermore, the crown was also
standardized (9mm) for all tested teeth and the
canals of the prepared ones were enlarged to a
canal diameter of approximately 2.2mm, signifi-
cantly larger than the canal of the intact teeth (ca
1.8mm). An earlier report with similar experimen-
tal set-up concluded that teeth with a canal diam-
eter of 1.5mm or less does not need canal wall
reinforcement after endodontic treatment [27] and
the intact teeth in the current study exhibited a
similar lumen diameter. The majority of teeth
treated with REPs are teeth in stages 2 through 5
[28] and thus, the current preparation was suitable
for the scope of this study.
In addition, the experimental set-up included
simulation of the PDL. An elastomeric impression
material was used as in previously evaluating ex vivo
tooth fracture resistance models [5,29]. The modulus
of elasticity of human PDL ranges from
0.12–0.96MPa [30], which is comparable to various
elastomeric impression materials [31] as the thin layer
of polyvinylsiloxane used in the current study. Soares
et al showed that PDL simulation had a significant
effect on fracture resistance in a similar ex vivo
laboratory model [29]. The presence of PDL is
important when teeth are subjected to trauma. It
plays a major role in the stress distribution of forces
Figure 3. Typical fracture pattern of the immature teeth under the fracture test. (a) and (b): Biodentine group; (c) and (d): Gutta-
percha group; (e) and (f): Intact teeth group. The diagonal fracture line extends from the buccal aspect through the canal to the
lingual aspect of the tooth. The treated immature teeth fractured at the interface between the material plug/or gutta-percha and
composite filling (a-d). The fracture line of the intact teeth is mainly located within the crown (e-f). Lingual aspects: (a), (c) and
(e); Lateral aspects: (b), (d) and (f). (1 Magnification).
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applied to teeth [32]. For all of the above, the present
model is suitable for testing the hypothesis.
Previous studies investigating the intraradicular
reinforcement of structurally compromised roots
showed that the resistance to fracture was directly
related to the remaining tooth structure and to the
amount of dentin at the cervical area [33,34]. This
was confirmed by the current study as the intact teeth
with wide canal but higher dentin thickness at the
cervical area (control teeth), required double the force
in order to sustain fracture under the experimental
set up.
Simulated immature teeth treated with REP
showed no difference in fracture resistance compared
to teeth filled with gutta-percha in the current study.
Group 4 (GP) acted as negative controls and was
expected to exhibit lower resistance to fracture com-
pared to the intact teeth. In clinical situation, imma-
ture teeth filled with gutta-percha represent cases
treated with apexification technique. Apexification
with long-term calcium hydroxide treatment has been
banned as responsible for cervical fractures due to the
effect of calcium hydroxide on dentin structure [1,35].
Therefore, direct apexification techniques with the use
of an apical plug of bioceramic materials have been
advocated as the preferable method of treatment for
necrotic immature teeth. In the current study, the GP
group was not filled with an apical plug of TSCs in
order to facilitate the obturation of the wide canal.
The reason was purely financial, and it would not
have an effect on fracture resistance at the cervical
area. Moreover, we did not treat the GP group with
long-term calcium hydroxide dressing prior to root
canal obturation with gutta-percha. All teeth were
treated with the same REP protocol and all prepared
canals were subjected to the same chemical treatment
with irrigation and antibiotic dressing in order to
avoid possible structural changes of the dentin. There
is evidence that long-term and periodic changes of
the intracanal dressing may negatively affect fracture
resistance of teeth [19]. It is unlikely that the low
resistance to fracture exhibited by the negative con-
trols was due to structural changes of the dentin after
the chosen REP protocol since it was a short-term
treatment. Nevertheless, all treated and filled imma-
ture teeth in this study showed low resistance to frac-
ture regardless of filling material.
The sample size used in this study was sufficient to
demonstrate differences between intact and treated
teeth. Lack of reinforcement in fracture resistance of
simulated immature teeth when bioceramic materials
were applied at the cervical area was the main finding
of this study. There were small, non-significant differ-
ences in fracture resistance between the tested TSCs.
However, increased number of teeth would be needed
in each group in order to detect possible differences
between the tested TSCs as indicated by the current
results. It would have been interesting to further
investigate if the choice and the thickness of biocer-
amic material at the cervical area plays a role in frac-
ture resistance at this vulnerable area.
There are several studies trying to address a similar
question with conflicting results but the difference
from the current study was that the entire immature
canal was filled with TSCs [20,36–39]. Within the
limitations of in vitro studies, canal filling with MTA,
or other bioceramic materials e.g. calcium phosphate
bone cement, or BioAggregate have been reported to
reinforce fracture resistance in some studies
[20,36,39,40] whereas in others, the materials used did
not [17,37,38]. Most of the studies have used MTA as
the golden standard. However, the discoloration
caused by MTA even when placed below the CEJ [41]
have led to the use of other TSC during REP such as
Figure 4. Intact teeth showed a significantly higher peak load
to fracture in comparison to the other four groups
(1669± 60.77 N). Simulated immature teeth filled with gutta-
percha showed the lowest peak load to fracture (GP:
675.8 ± 86.84 N). Simulated immature teeth filled with TotalFill
showed a higher peak load to fracture (804.5 ± 147.8 N)
compared to the other TSCs (MTA: 724.2 ± 128.2 N and
Biodentine: 779.4 ± 104.7 N). However, there was no statistic-
ally significant difference between the simulated immature
teeth regardless of the material. Results are presented as
mean± SEM, Kruskal-Wallis test with Dunn’s multiple compari-
son, p< 0.05; p< 0.01.
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Biodentine or TotalFill. To the best of our knowledge,
this is the first study applying these three commonly
used TSC at the cervical area only according to advo-
cated REPs and evaluating their effect in fracture
resistance ex vivo.
The use of composite resin systems has been rec-
ommended for the reinforcement of the cervical area
of treated immature teeth [16,42,43] and placement of
composite restoration is often the final step in the
treatment of traumatized immature teeth. The lack of
difference in fracture resistance shown under the
current experimental set-up between the treated
immature teeth (groups 1–4) may also attributed to
the composite restoration.
Conclusions
Within the limitations of this study, we can conclude
that TSC such as MTA, TotalFill and Biodentine do
not influence either negatively or positively, the frac-
ture resistance of immature teeth during regenerative
endodontic therapy. Further material tests and clinical
trials are necessary to validate these results.
Acknowledgements
We would like to thank Fatland Slakteri, Ølen, Norway for
providing us with bovine teeth, Odd Johan Lundberg for
technical assistance and Marit Øilo and Nils Roar Gjerdet
for fruitful comments on study execution. We would also
like to thank biostatistician Stein Atle Lie for helpful com-
ments to the statistical issues, and sample size considera-
tions in the article.
Disclosure statement
All authors declare and attest to no conflicts of interest in




[1] Cvek M. Prognosis of luxated non-vital maxillary
incisors treated with calcium hydroxide and filled
with gutta-percha. A retrospective clinical study.
Dent Traumatol. 1992;8:45–55.
[2] Glendor U. Epidemiology of traumatic dental inju-
ries-a 12 year review of the literature. Dent
Traumatol. 2008;24:603–611.
[3] Andreasen JO, Munksgaard EC, Bakland LK.
Comparison of fracture resistance in root canals of
immature sheep teeth after filling with calcium
hydroxide or MTA. Dent Traumatol. 2006;22:
154–156.
[4] Sawyer AN, Nikonov SY, Pancio AK, et al. Effects of
calcium silicate-based materials on the flexural prop-
erties of dentin. J Endod. 2012;38:680–683.
[5] Bortoluzzi EA, Souza EM, Reis JM, et al. Fracture
strength of bovine incisors after intra-radicular treat-
ment with MTA in an experimental immature tooth
model. Int Endod J. 2007;40:684–691.
[6] Hemalatha H, Sandeep M, Kulkarni S, et al.
Evaluation of fracture resistance in simulated imma-
ture teeth using Resilon and Ribbond as root rein-
forcements–an in vitro study. Dent Traumatol. 2009;
25:433–438.
[7] Hargreaves KM, Diogenes A, Teixeira FB. Treatment
options: biological basis of regenerative endodontic
procedures. J Endod. 2013;39:S30–S43.
[8] Murray PE, Garcia-Godoy F, Hargreaves KM.
Regenerative endodontics: a review of current status
and a call for action. J Endod. 2007;33:377–390.
[9] Galler KM. Clinical procedures for revitalization:
current knowledge and considerations. Int Endod J.
2016;49:926–936.
[10] Galler KM, Krastl G, Simon S, et al. European
Society of Endodontology position statement:
Revitalization procedures. Int Endod J. 2016;49:
717–723.
[11] Torabinejad M, Parirokh M. Mineral trioxide aggre-
gate: a comprehensive literature review–part II: leak-
age and biocompatibility investigations. J Endod.
2010;36:190–202.
[12] Law AS. Considerations for regeneration procedures.
J Endod. 2013;39:S44–S56.
[13] Baron A, Lindsey K, Sidow SJ, et al. Effect of a
Benzalkonium chloride surfactant-sodium hypo-
chlorite combination on elimination of enterococcus
faecalis. J Endod. 2016;42:145–149.
[14] Brito-Junior M, Pereira RD, Verissimo C, et al.
Fracture resistance and stress distribution of simu-
lated immature teeth after apexification with mineral
trioxide aggregate. Int Endod J. 2014;47:958–966.
[15] Sivieri-Araujo G, Tanomaru-Filho M, Guerreiro-
Tanomaru JM, et al. Fracture resistance of simulated
immature teeth after different intra-radicular treat-
ments. Braz Dent J. 2015;26:211–215.
[16] Carvalho CAT, Valera MC, Oliveira LD, et al.
Structural resistance in immature teeth using root
reinforcements in vitro. Dent Traumatol. 2005;21:
155–159.
[17] Cauwels RG, Lassila LV, Martens LC, et al. Fracture
resistance of endodontically restored, weakened inci-
sors. Dent Traumatol. 2014;30:348–355.
[18] Clavijo VG, Reis JM, Kabbach W, et al. Fracture
strength of flared bovine roots restored with differ-
ent intraradicular posts. J Appl Oral Sci. 2009;17:
574–578.
[19] Valera MC, Albuquerque MT, Yamasaki MC, et al.
Fracture resistance of weakened bovine teeth after
long-term use of calcium hydroxide. Dent
Traumatol. 2015;31:385–389.
[20] Hatibovic-Kofman S, Raimundo L, Zheng L, et al.
Fracture resistance and histological findings of
36 M.R. W. ALI ET AL.
immature teeth treated with mineral trioxide aggre-
gate. Dent Traumatol. 2008;24:272–276.
[21] Sano H, Ciucchi B, Matthews WG, et al. Tensile
properties of mineralized and demineralized human
and bovine dentin. J Dent Res. 1994;73:1205–1211.
[22] Soares CJ, Barbosa LM, Santana FR, et al. Fracture
strength of composite fixed partial denture using
bovine teeth as a substitute for human teeth with or
without fiber-reinforcement. Braz Dent J. 2010;21:
235–240.
[23] Fonseca RB, Haiter-Neto F, Carlo HL, et al.
Radiodensity and hardness of enamel and dentin of
human and bovine teeth, varying bovine teeth age.
Arch Oral Biol. 2008;53:1023–1029.
[24] Andreasen JO, Paulsen HU, Yu Z, et al. A long-term
study of 370 autotransplanted premolars. Part IV.
Root development subsequent to transplantation.
Eur J Orthod. 1990;12:38–50.
[25] Moorrees CF, Fanning EA, Hunt EE. Jr. Age vari-
ation of formation stages for ten permanent teeth. J
Dent Res. 1963;42:1490–1502.
[26] Moorrees CF, Gron AM, Lebret LM, et al. Growth
studies of the dentition: a review. Am J Orthod.
1969;55:600–616.
[27] Stuart CH, Schwartz SA, Beeson TJ. Reinforcement
of immature roots with a new resin filling material.
J Endod. 2006;32:350–353.
[28] Diogenes A, Ruparel NB. Regenerative endodontic
procedures: Clinical outcomes. Dent Clin North Am.
2017;61:111–125.
[29] Soares CJ, Pizi ECG, Fonseca RB, et al. Influence of
root embedment material and periodontal ligament
simulation on fracture resistance tests. Braz Oral
Res. 2005;19:11–16.
[30] Yoshida N, Koga Y, Peng CL, et al. In vivo measure-
ment of the elastic modulus of the human periodon-
tal ligament. Med Eng Phys. 2001;23:567–572.
[31] Jamani KD, Harrington E, Wilson HJ. Rigidity of
elastomeric impression materials. J Oral Rehabil.
1989;16:241–248.
[32] Rees JS. An investigation into the importance of the
periodontal ligament and alveolar bone as support-
ing structures in finite element studies. J Oral
Rehabil. 2001;28:425–432.
[33] Saupe WA, Gluskin AH, Radke RA. Jr. A compara-
tive study of fracture resistance between
morphologic dowel and cores and a resin-reinforced
dowel system in the intraradicular restoration of
structurally compromised roots. Quintessence Int.
1996;27:483–491.
[34] Zogheib LV, Pereira JR, do Valle AL, et al. Fracture
resistance of weakened roots restored with compos-
ite resin and glass fiber post. Braz Dent J. 2008;19:
329–333.
[35] Andreasen JO, Farik B, Munksgaard EC. Long-term
calcium hydroxide as a root canal dressing may
increase risk of root fracture. Dent Traumatol. 2002;
18:134–137.
[36] Karapinar-Kazandag M, Basrani B, Tom-Kun
Yamagishi V, et al. Fracture resistance of simulated
immature tooth roots reinforced with MTA or
restorative materials. Dent Traumatol. 2016;32:
146–152.
[37] Schmoldt SJ, Kirkpatrick TC, Rutledge RE, et al.
Reinforcement of simulated immature roots restored
with composite resin, mineral trioxide aggregate,
gutta-percha, or a fiber post after thermocycling. J
Endod. 2011;37:1390–1393.
[38] White JD, Lacefield WR, Chavers LS, et al. The
effect of three commonly used endodontic materials
on the strength and hardness of root dentin. J
Endod. 2002;28:828–830.
[39] Cauwels RG, Pieters IY, Martens LC, et al. Fracture
resistance and reinforcement of immature roots with
gutta percha, mineral trioxide aggregate and calcium
phosphate bone cement: a standardized in vitro
model. Dent Traumatol. 2010;26:137–142.
[40] Tuna EB, Dincol ME, Gencay K, et al. Fracture
resistance of immature teeth filled with
BioAggregate, mineral trioxide aggregate and cal-
cium hydroxide. Dent Traumatol. 2011;27:174–178.
[41] Felman D, Parashos P. Coronal tooth discoloration
and white mineral trioxide aggregate. J Endod. 2013;
39:484–487.
[42] Katebzadeh N, Dalton BC, Trope M. Strengthening
immature teeth during and after apexification. J
Endod. 1998;24:256–259.
[43] Lawley GR, Schindler WG, Walker WA, 3rd, et al.
Evaluation of ultrasonically placed MTA and frac-
ture resistance with intracanal composite resin in a
model of apexification. J Endod. 2004;30:167–172.
ACTA BIOMATERIALIA ODONTOLOGICA SCANDINAVICA 37
